Insertion of the simian virus 40 enhancer upstream from the +33 to -34 adenovirus major late promoter element or the +62 to -102 conalbumin promoter region causes a 10-fold stimulation of specific transcription using a whole cell extract but not an S100 extract. Many of the in vivo effects of the enhancer were mimicked in vitro. This stimulation occurred only in cis, with either orientation of the 72-basepair repeat, and was markedly decreased by deletions known to diminish the enhancer activity in vivo. However, in vitro, the 72-base-pair repeat did not stimulate at a distance or in the presence of a strong upstream promoter element.
The structure of promoters for RNA polymerase B (II) is complex (for reviews and refs., see refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The "TATA" box, located about 30 base pairs (bp) upstream from the cap site, is required for selective and efficient transcription in vivo and in vitro and may interact with a general initiation factor (13, 14) . Further upstream elements (to about -110) are required in vivo and in vitro for efficient transcription and could interact with species-specific factor(s) (6, [15] [16] [17] . Enhancers, first identified in simian virus 40 (SV40) (the 72-bp repeat; refs. 18 and 19) and in other viruses (for reviews, see refs. 20 and 21), and recently in cellular genes (22) (23) (24) (25) (26) , are indispensable for efficient transcription in vivo and appear to exhibit some species-, tissue-, or cell-specificity (20) (21) (22) (23) (24) (25) (26) , which suggests an interaction with specific regulatory molecules and a role in control of gene expression during differentiation. The SV40 enhancer is a cis-acting bidirectional potentiator of initiation from homologous or heterologous potential promoter elements (10, (27) (28) (29) . Moreover, it activates preferentially proximal potential promoter elements (10, 30) , although it can act over considerable distances [several kilobase pairs (kbp)] with a decreased efficiency (10, 28) . We have suggested (10, 28) that the SV40 enhancer functions, at least in part, as an entry site for some elements of the transcription machinery. In vitro studies with the purified components involved in transcription will ultimately be required to verify such a model. We report here that the SV40 72-bp repeat stimulates specific transcription in vitro from heterologous promoter elements.
MATERIALS AND METHODS
The in vitro transcription assay and the preparation of HeLa cell 5100 extract (31) or whole cell extract (WCE) (32) have already been described (1, 6, 33) . The (6, 10) . For instance, no RNA could be detected after transfection with pSVA34 [which possesses the Ad2MLP sequence from +33 to -34, but not the upstream sequence to -97 (see ref. Insertion of the 72-bp repeat (coordinates 113 to 270) in both orientations in close apposition to the Ad2MLP (pSVBA34 and pSVBIA34; Fig. 1A ) or the conalbumin promoter (pTCTB and pTCTBI; Fig. 1C ) elements resulted in a dramatic increase, at least 100-fold, of RNA synthesis (6, 10) . Taq I digests of the same recombinants were used as templates with a WCE transcription system. Comparison of the run-off transcripts obtained with pSVA34 and pSVBA34 indicates that the 72-bp repeat markedly stimulated (about 10- fold) the synthesis of the specific run-off RNA (Fig. 2) . A similar stimulation of specific transcription was observed when the conalbumin recombinants, pTCT and pTCTB, were used with a WCE (Fig. 3A) . pSVCT, a conalbumin promoter recombinant in which the SV40 region containing the 72-bp repeat extends further toward the late genes (Fig. 1D) , gave the same result as pTCTB. For both adenovirus serotype 2 (Ad2) and conalbumin recombinants, the strongest stimulation was observed for DNA concentrations <400 ng per 25 Al of reaction mixture, whereas there was very little stimulation with >600 ng of DNA (data not shown). However, with both Ad2 (S100 extract, pSVA34, pSVBA34; Fig. 2) and conalbumin (pTCT, pTCTB; Fig. 3B ) recombinants, very little (not more than 2-fold) or no stimulation by the 72-bp repeat was observed using a number of different S100 extracts.
Because the conformation of the template could affect in vitro transcription (6, (6) , renamed since sequence analysis (37) has shown that they contain the Ad2MLP region from +33 to -677. pSVB125 and pSVBI125 were derived from pSVPBIA677. The 72-bp repeat was inserted in both orientations in an Sma I site that was created in pSVPBIA677 by site-directed mutagenesis at position -125 with respect to the Ad2MLP capsite. (C) pTCT, pTCTB, pTCTBI, pTBCT, and pTBICT have been described (10, 28) . pTCT contains the conalbumin promoter region from +62 to -102 (double line) in front of the SV40 early coding region. In pTCTB and pTCTBI, the 72-bp repeat was inserted in both orientations immediately upstream from the conalbumin promoter, while it was inserted immediately downstream from it in pTBCT and pTBICT. (D) pSVCT has been described (10) . It is similar to pTCTB, but the 72-bp repeat region extends further toward the late region to coordinate 346 (Hpa II site). pSVCTO, pSVCT208, and pSVCT101 were derived from pSVCT. The Sph I fragment of pSVCT extending from 128 (SV40) to 561 (pBR322) was replaced with the corresponding Sph I fragments from the previously described (28, 36) deletion mutants TBO, TB208, and TB101, respectively (shown in E). Therefore, replacing the Sph I fragment of pSVCT with the Sph I fragment of TBO, TB208, or TB101 resulted in recombinants (pSVCTO, pSVCT208, pSVCT101) in which the TBO, TB208, and TB101 deletions of the 72-bp repeat are adjacent to the conalbumin promoter element. (E) Sequence of the 72-bp repeat region in pTBOA34, pTB14A34, pTB208A34, Effect of the 72-bp repeat on transcription from the +33 to -34 Ad2MLP element using a WCE or an S100 extract. pSVBA34, pTB208A34, and pTB1O1A34 are described in Fig. 1 Fig. 6 (lanes 1 and 2) , the extent of transcription from the Ad2MLP was the same whether the template was pSVA34 or pSVPBIA34.
Activation of in Vitro Specific Transcription by the 72-bp Repeat Is Independent of Its Orientation and Abolished by Deletion Mutations Known to Drastically Affect the Enhancer Activity in Vivo. In pSVBIA34 and pTCTBI, the 72-bp repeat is inserted in the inverted orientation with respect to pSVBA34 and pTCTB ( Fig. 1 A and C) . Nevertheless, the pT1O1A34, pSVCTO, pSVCT208, and pSVCT101. The boxed sequence corresponds to the 72-bp repeat region (with exactly one 72-bp sequence deleted) inserted in pTBOA34 (the 72-bp sequence is boxed with a dashed line). The corresponding sequence in pSVCTO extends further in the late region from the Pvu II site to the Hpa II site (coordinate 346). The sequences deleted in the TB14, TB208, and TB101 mutants are bracketed. The recombinants shown in A, B, and D contain the whole pBR322 DNA; those shown in C contain the large BamHI/EcoRI fragment only. 3 . Effect of the 72-bp repeat on transcription from the +62 to -102 conalbumin promoter region. The chimeric recombinants pTCT, pTCTB, pTBCT, pSVCT, pSVCTO, pSVCT208, and pSVCT101 are described in Fig. 1 C and D. (A and B) Run-off transcription with Taq I digests of pTCT and pTCTB using a WCE and an S100 extract, respectively. DNA concentrations ( tensity of the specific run-off was observed when they were transcribed in vitro (compare pSVBA34 and pTBOA34 with pSVA34 in Fig. SA and pSVCT and pSVCTO with pTCT in Fig. 3C ). The effect of the TB208 and TB101 deletions, located within the 72-bp repeat region (see Fig. 1E ) and known to almost abolish the enhancer activity in vivo (6, 28, 36) , was then studied using the Ad2MLP and conalbumin promoter recombinants pTB208A34 and pTBiOiA34 (Fig. LA) , and pSVCT208 and pSVCT101 (Fig. iD) , which contain the 208 or 101 deletions. In all cases, no significant stimulation of specific transcription was observed by the remaining part of the 72-bp repeat (compare pSVA34, pSVBA34, pTB208A34, and pTB101A34 in Fig. 5 , and pTCT, pSVCT, pSVCT101, and pSVCT208 in Fig. 3C ). The strong down-effect of the TB101 and TB208 deletions was identical, whether the template was linear or circular (Fig. 4) . On the other hand, the single base deletion in the 72-bp sequence of the Ad2MLP recombinant pTB14A34 (see legend to Fig. 1 ), which does not affect the enhancer activity in vivo (unpublished results), does not change the in vitro stimulation of transcription (Fig.  SA) . Specific transcription from the internal control E3 template remained unchanged in all cases (Fig. 5) , supporting the conclusion that the 72-bp repeat is cis-acting.
The in vivo effect of the SV40 enhancer is drastically decreased when it is inserted immediately downstream from the conalbumin promoter element (10)-i.e., in recombinants pTBCT and pTBICT (Fig. 1C) . A similar drastic decrease in the stimulation of specific transcription was also obtained in vitro [compare pTCT, pTCTB and pTBCT in Fig. 3C ; in other experiments pTBCT and pTBICT gave identical results (not shown)]. Additional experiments are required to establish whether this lack of in vitro stimulation of transcription of the conalbumin promoter element in pTBCT and pTBICT is only apparent and in fact related to early termination of transcription within the 72-bp repeat, as it has been suggested to account for the in vivo results (10) .
Some of the in Vivo Effects of the 72-bp Repeat Enhancer Are Not Seen in Vitro. The SV40 enhancer potentiates transcription in vivo not only when located in close apposition to a potential promoter element, but also when located at a distance from it (27, 28) . However, this potentiator effect decreases sharply as the distance increases, perhaps because of the presence of interposed potential promoter-like elements (6, 10) . To analyze the effect of distance on stimulation of in vitro-specific transcription by the 72-bp repeat, pSVBSA34 and pSVBSIA34 were constructed with the enhancer in both orientations 230 bp from the Ad2MLP cap site (Fig. LA) . In vivo (transient expression assays), RNA synthesized from pSVBSA34 and pSVBSIA34 was about 5% of that obtained after transfection with pSVBA34, under conditions where synthesis from pSVA34 was undetectable (data not shown; see also ref. 6) . No significant stimulation of specific transcription was found with these recombinants when compared with pSVA34 and pSVBA34 (Fig. 6, lanes 1, 3, 4 , and 5). This lack of stimulation of transcription may not be too surprising, because, in contrast to the in vivo situation, transcription from pSVA34 is readily detectable in vitro and the extent of stimulation is only 10-fold with pSVBA34. This would result in an unnoticed 1.5-fold stimulation with pSVBSA34, should the in vitro situation reflect the in vivo one (5% RNA synthesized from pSVBSA34 compared with pSVBA34 taken as 100%; see above).
In all of the recombinants used up to now, there was no functional upstream promoter sequence. The pSVA34 series lacks the Ad2MLP upstream sequences between the TATA box and position -97, which is important for efficient transcription both in vivo and in vitro with a WCE, but not an S100 extract, transcription system (ref. 6; see also pSVA97 in Fig. 2) . The conalbumin promoter region from +62 to -102 may contain some upstream promoter element between -44 and -102, but this element functions poorly in a HeLa WCE in vitro, causing at most a 2-fold stimulation (data not shown). It is noteworthy that the extent of stimulation of in vitro transcription, which can be obtained with a WCE by inserting the 72-bp repeat upstream from the +33 to -34 Ad2MLP element (pSVBA34 vs. pSVA34), is identical to that obtained with an Ad2MLP recombinant that contains both the +33 to -34 and the upstream promoter elements, but not the 72-bp repeat (Fig. 2, pSVA97 in which the Ad2MLP sequences are extended to position -97; see ref. 6 ). This observation prompted us to to test whether the stimulation of in vitro transcription by the 72-bp repeat could be seen even in the presence of functional upstream promoter elements.
pSVA677 contains the Ad2MLP region from +33 to -677 (Fig. 1B) . The extent of in vitro transcription with a WCE is identical to that of pSVA97, but both are transcribed in vivo at an undetectable rate unless the SV40 enhancer is added (ref. 6 ; unpublished results). pSVPBIA677 is derived from pSVA677 by inserting the 72-bp repeat about 4.2 kbp upstream from the Ad2MLP cap site. It is transcribed in vivo with an efficiency -5-10% that of pSVBA34 (unpublished results), and it is transcribed in vitro with the same efficiency as pSVA97 and pSVBA34 (Fig. 6, lanes 3 and 6; other results not shown). pSVPBIA677 was used to construct pSVB125 and pSVBI125 in which the 72-bp repeat was inserted in both orientations in close apposition to the Ad2MLP upstream element 125 bp from the Ad2MLP capsite (Fig. 1B) . The amount of RNA transcribed in vivo from pSVB125 after transfection of HeLa cells was similar to that obtained with pSVBA34 (data not shown), supporting our previous conclusion (6) that insertion of the 72-bp repeat within the Ad2MLP region can mask the effect of deletions of promoter elements. No stimulation of in vitro transcription by the 72-bp repeat was observed with either pSVB125 or pSVBI125 when compared with pSVPBIA677 (Fig. 6 , lanes 6-8; the 72-bp repeat present 4.2 kbp from the cap site in these three recombinants is not associated with the fragment containing the adenovirus template after Taq I digestion for run-off assay). DISCUSSION
A 5-to 12-fold stimulation of in vitro transcription by the SV40 enhancer from Ad2MLP and conalbumin promoter elements was reproducibly observed with a number of different plasmid preparations and WCEs using either linear or circular templates. The in vitro stimulation is in keeping with many of the known properties of the SV40 enhancer in vivo (see Introduction). The 72-bp repeat in vitro acts both in cis and bidirectionally. Deletion ofjust one 72-bp sequence has no effect, but deletion mutations that lead to a strong decrease of the enhancer activity in vivo also abolish the in vitro stimulation. On the other hand, some of the effects of the SV40 enhancer in vivo are not seen in vitro. First, the extent of the in vitro stimulation is lower than that in vivo by at least one order of magnitude. Second, the 72-bp repeat is effective in vitro only if located in close apposition to the stimulated promoter element, with no effect at distance. Third, the in vitro stimulation is seen only in the absence of a functional upstream region, whether it is deleted (the Ad2 pSVA34 series) or nonfunctional in a HeLa WCE (the conalbumin promoter recombinants). In this respect, we note that not more than a 2-fold stimulation by the 72-bp repeat has been observed on the SV40 early promoter, which has a strong upstream element (the 21-bp repeat region; see ref. 11) active in HeLa cell extracts (unpublished results). This discrepancy between the in vivo and in vitro effects of the SV40 enhancer may mean that, in spite of the similarities stressed above, the stimulation in vitro is in fact not related to the enhancer function, but rather to the effect of some as yet unidentified upstreamlike element(s) present in the 72-bp repeat. Extensive sitedirected mutagenesis should establish whether the same sequences are responsible for the in vivo and in vitro effects of the enhancer.
In any case, it is questionable whether one should expect to readily mimic in vitro all of the in vivo properties of the SV40 enhancer, as established by transfecting HeLa cells. Clearly, there is a major discrepancy between the in vivo and in vitro requirements for efficient transcription; transcripts from the chimeric conalbumin or Ad2 recombinants pTCT (10) , pSVA97 (6) , and pSVA677 cannot be detected in vivo without addition of the SV40 enhancer. It may be relevant that the situation is markedly different in vivo where the same recombinants can replicate, leading to a much higher number of template copies. For instance, transcription from pTCT becomes readily detected when, after addition of the SV40 replication origin, it is allowed to replicate in COS cells (ref. 40 ; unpublished observations). Therefore, the in vitro situation may resemble that in vivo where there is a large number of template copies: the decreased affinity of the transcription machinery for the template in the absence of the 72-bp repeat is compensated by an increase in the number of available template copies. Consequently, the effect of the 72-bp repeat would be seen in vitro only when it acts on a weak promoter element-e.g., in the absence of a functional upstream region (pSVA34 and pTCT)-and provided the template concentration is not too high. Along the same lines, the observed weaker transcription of pSVA34 and pTCT in WCE compared to S100 extracts (Figs. 2 and 3 ) may also help in revealing the effect of the 72-bp repeat in vitro. Finally, in vivo the DNA may have a chromatin structure that is inaccessible for transcription unless the SV40 72-bp repeat is present to "open" it (for refs., see ref. 41 and 42) . On the contrary, there is no evidence that a chromatin structure is reconstructed in the in vitro WCE system (see discussion in ref. 6 ) and the template is likely to be much more accessible than in vivo.
Whatever mechanism is ultimately responsible for the in vitro stimulatory effect of the 72-bp repeat, this effect is observed using a WCE and not an S100 extract system. Taken together with other studies, which indicate that enhancers exhibit some species and cell specificities in vivo, this observation suggests the involvement of a factor(s) that, in S100 extracts, is either not present or is in an inappropriate ratio to other factors modulating transcription in vitro. Purification studies will establish whether such a putative factor(s) exists and, if so, whether indeed the SV40 enhancer functions, at least in part, as an entry site for some elements of the transcription machinery (10, 28) .
